Background: It is unclear whether brain white matter hyperintensities (WMHI) causes or is a result of late life depression. We used the Framingham Heart Study offspring to examine whether indices of brain aging are related to incident depression in the elderly. Methods: The Center for Epidemiologic Studies Depression Scale (CES-D) was administered along with a brain MRI scan at baseline and was re-administered (n = 1212) at an average 6.6 + 0.6 year follow-up. The outcomes (i) change in CES-D scores from baseline; (ii) depression defined as CES-D ≥16; (iii) severe depression defined as CES-D ≥21; and (iv) CES-D cutoff scores and/or on antidepressant were used. Results: Among those who did not have depression at baseline, 9.1% (n = 110) developed depression, 4.0% (n = 48) developed severe depressive symptoms, and 11.1% (n = 135) were put on antidepressants. When depressive symptoms only was the outcome, we found that baseline WMHI was positively associated with change in CES-D scores and that those with an extensive WMHI at baseline had a high risk of developing severe depressive symptoms; the relationship was strengthened in the absence of cardiovascular diseases. In contrast, when depressive symptoms or taking antidepressant was the outcome, larger total cerebral brain volume and temporal lobe brain volume, but not WMHI, were negatively associated with the development of depression. Conclusions: Brain WMHI is a probable risk factor for vascular depression in the elderly. The depression outcomes with and without antidepressant were related to different brain pathologies.
Introduction
Late life depression is a clinical syndrome with several etiologies (Alexopoulos et al., 1993; Lebowitz et al., 1997; Ritchie et al., 2000) and can be categorized into subtypes. Vascular depression is the most common subtype and is associated with vascular factors, such as cardiovascular disease (CVD), diabetes, and hypertension (Alexopoulos et al., 1997; Taylor et al., 2013) , and presents with comorbid deficits in executive function. Other late life depression subtypes include post-stroke depression, which develops after the onset of cerebral infarct or hemorrhage (Robinson et al., 1987) , prodromal depression of Alzheimer's disease (AD) (Berger et al., 1999; Cervilla et al., 2000; Lopez et al., 2003; Ritchie et al., 2000; Wilson et al., 2002) , and early-onset depression surviving to an old age.
Although late life depression is found to be associated with different brain pathologies (Alexopoulos et al., 1993) , whether these brain pathologies lead to or result from a depression syndrome is largely unknown. Vascular depression is associated with cerebrovascular pathology such as white matter hyperintensities (WMHI) in the brain (Alexopoulos et al., 2005) . Despite that it is widely accepted that brain WMHI is an underlying pathology of vascular depression 5 , there is no published study on the longitudinal relationship between MRI-defined WMHI and the development of late life depression. Recurrent major depressive disorder is associated with hippocampal atrophy (Sheline et al., 1999; Steffens et al., 2000) and memory loss (Basso and Bornstein, 1999; MacQueen et al., 2002; Rapp et al., 2005) . History of depression has also been associated with neuropathological hallmarks of AD, amyloid plaques, and neurofibrillary tangles (Rapp et al., 2006) .
Capitalizing on longitudinal data from the Framingham Heart Study (FHS), we examined which brain structures including WMHI are linked to the development of depressive symptoms, defined by the Center for Epidemiological Studies Depression Scale (CES-D) cutoff scores or being put on antidepressants, in a middle to older age community-based cohort. The CES-D (Radloff, 1977) has been commonly used to detect and quantify depressive symptoms in epidemiology studies (Lyness et al., 1997) . A cutoff point of 16 is commonly used to define depression (Boyd et al., 1982) . Using a CES-D cutoff score of 21, sensitivity of 92%, and specificity of 87% for clinical diagnosis of depression has been previously reported (de Silva et al., 2014; Fuhrer and Rouillon, 1989) .
Methods

Study design and participants
The FHS is a single-site, community-based, prospective cohort study in Framingham, MA. The design and selection criteria of the Framingham Heart Study offspring cohort have been previously described (Kannel et al., 1979) . Two thousand eight hundred eighty-three participants attended the seventh examination cycle (1998) (1999) (2000) (2001) and were given an option for participating in an ancillary study on cognitive aging and dementia. Among them, 1400 subjects, who participated in the ancillary study including having CES-D test at both seventh (1998-2001) and eight (2005-2008) examinations and having a brain MRI scan at seventh examination, were used for this study analyses. One thousand four hundred eighty-three subjects, who did not attend this ancillary study at either examination cycle or had prevalent stroke or dementia, were excluded. Informed consent was obtained from all study participants, and the study protocol was approved by the Institutional Review Board of Boston University Medical Campus.
We found that participants who comprised the study sample for the study sample (n = 1400) were slightly younger, less likely to be women and smokers, and slightly less likely to have medical conditions than those who did not attend the ancillary study and did not have CES-D data that could not be used for the study (n = 1483) (Table S1 ).
Depression
Current depression was defined using CES-D cut scores, and depression status was defined using CES-D cut scores and/or antidepressant use. A cutoff point of ≥16 was used to define depression and ≥21 to define severe depression. All medications were coded, and antidepressants including selective serotonin reuptake inhibitors, tricyclic antidepressants, trazodone, venlafaxine, bupropion, and mitazapine were categorized into one group. For longitudinal analysis, participants who had a CES-D score <16 and were not on antidepressants at exam 7 comprised the incidence sample for the development of depression. In this group, we used (i) change in CES-D score from exams 7 to 8 as a continuous measure and (ii) defined incident depression as exam 8 CES-D score of ≥16 or new antidepressant use; incident severe depression was defined as an exam 8 CES-D score of ≥21 or new antidepressant use.
Brain measurements
The brain MRI protocol has been reported in detail elsewhere (DeCarli et al., 2005; Jefferson et al., 2010) . A Siemens 1-T MR machine (Siemens Medical, Erlangen, Germany) with a T2-weighted double spin-echo coronal imaging sequence was used. A central laboratory blinded to demographic and clinical information processed digital information on brain images and quantified the brain data with a customwritten computer program operating on a UNIX, Solaris platform (Sun Microsystems, Santa Clara, CA, USA). The semiautomated segmentation protocol for quantifying total cranial volume, total brain volume, frontal lobar volume, lateral ventricular volume, hippocampal volume (HPV), and WMHI has been described elsewhere (DeCarli et al., 1999) , as has the interrater reliabilities for these methods. The units for the brain volumes were defined and controlled as the percentage of total cranial volume. Extensive WMHI was defined as one standard deviation (SD) above age-group means. Each image set undergoes rigorous quality control assessment that includes assessment of the original acquisition quality as well as the quality of the image processing. Moreover, each of the analysts is highly trained to maintain rigorous precision with intra-class (analyst) coefficients above 90% for all analyses.
Covariates
Covariates were defined at the seventh examination or through the call-back study for the brain MRI scan. Education was defined with four level categories: no high school degree, high school degree, some college, and a college degree. Living status was dichotomized as whether the participant was living alone or not. Additional characteristics at baseline included age, sex, current cigarettes smoking status, diabetes mellitus (non-fasting blood glucose ≥200 mg/dL or fasting blood glucose ≥126 mg/dL or use of oral hypoglycemic or insulin), Stage I hypertension (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg or on antihypertensive treatment), prevalent CVD (coronary heart disease, angina, coronary insufficiency, myocardial infarction, heart failure, and intermittent claudication) and atrial fibrillation. Apolipoprotein E (ApoE) genotyping was conducted on 98% (n = 1190) participants from our sample.
Statistical analysis
Analyses were performed using Statistical Analyses System software version 9.3 (SAS Institute, Cary, NC, USA). We performed univariate analyses to describe baseline characteristics in the prevalence sample by depression category (not depressed, depressed, and severely depressed) and used bivariate analyses to compare each of the two depression groups with the comparison group without depression. Mean + SD with t-test for the variables with a normal distribution or median (Q1,Q3) with Mann-Whitney test for the variables with a skewed distribution or number (%) with chi square for categorical variables was performed.
To study the development of depression, only participants whose CES-D scores were less than 16 and were not on antidepressants at exam 7 were used (n = 1212). We examined longitudinal change as a continuous measure of annualized raw change ([CES-D measure at exam 8-CES-D measure at exam 7]/time interval between exams in years) and then with the development of incident depression (CES-D ≥16 or ≥21) or new use of antidepressants by exam 8. We used multivariable linear regression to relate each of the brain volume measures to continuous measure of annualized change of CES-D. For the analyses involving development of incident depression, we used multivariable logistic regression models. We then assessed the relationship between each of the total cerebral brain volume, frontal lobar volume, temporal lobar volume, and HPV and the development of incident depression defined as CES-D ≥16 and CES-D ≥21, respectively, or on antidepressants by exam 8 by using multivariable logistic regression models. All analyses were adjusted for age at baseline, interval between baseline and MRI assessment, sex, education, and living status (model I) as well as adding baseline CES-D (model II). WMHI was transformed to log 10 for multivariate regression because of its skewed distribution. In a secondary analyses, we excluded participants with prevalent CVD and diabetes mellitus (n = 998). Significance was set at p < 0.05 for all models.
Results
We divided the baseline sample (n = 1400) into two groups: (i) 1212 who did not have depression (CES-D score <16) and have not been taking antidepressants served as the no depression control group and (2) 188 who had a CES-D score ≥16 or were taking antidepressants were classified as depressed. Further for the depressed group, we identified those with a CES-D score ≥21 (n = 154) and classified them as severe depression (Table 1) . In cross-sectional analyses, we compared the no depression subgroup with both the depressed group and the severely depressed group and found the two depressed groups were younger, had a higher percentage that were women, ApoE4 carriers, and current smokers. There were no differences in other demographic and clinical variables. In brain volumetric measurements, both depressed subgroups had a significantly larger volume of frontal lobe and smaller volume of WMHI, although the absolute values of the volumetric differences were modest and thus unclear whether they are clinically meaningful.
We then used the no depression group at baseline (n = 1212) for the longitudinal study analysis. The average (mean ± SD) age of this subset was 61.0 ± 9.0 years, and other demographic information for the participants was described in the first column of Table 1 . One hundred twenty-eight (10.6%) subjects lived alone. There were 255 (21.4%) carrying at least one ApoE4 allele. Medically, 468 (38.7%) had stage I hypertension, 121 (10.1%) had diabetes mellitus, 95 (7.8%) had CVD, and 31 (2.6%) had atrial fibrillation, while 117 (9.7%) had been smoking at baseline. The average time from seventh examination to the time of the brain MRI was 0.74 ± 0.80 years. The average measured brain volumes (mean ± SD) for this group were as follows: total cerebral brain volume (79.74 ± 3.12), frontal lobe brain volume (36.55 ± 3.27), temporal lobe brain volume (10.58 ± 0.85), and HPV (0.34 ± 0.05) at baseline ( Table 1) . The median WMHI volume was 0.05 with Q1 of 0.01 and Q3 of 0.08, and 144 participants (11.9%) had extensive WMHI. One hundred forty-three (11.8%) participants had cerebral infarcts.
The average follow-up time from seventh to eighth examination was 6.6 ± 0.6 years. Longitudinally, 110 participants (9.1%) developed depression defined by a CES-D score ≥16, 48 (4.0%) developed severe depressive symptoms defined by a CES-D score ≥21, and 135 (11.1%) were put on antidepressants between two examinations. We first used depressive symptoms as an outcome and found that WMHI volume at baseline (seventh examination), but not infarcts, was positively associated with change of CES-D score (β = +0.06, SE = 0.03, t = 1.98, df = 1197, p < 0.05) after adjusting for age, sex, the time duration to have a brain MRI, and the status of living alone (Table 2) . After adjusting for the baseline CES-D score (seventh examination), a significant association between WMHI volume and CES-D ≥21 was also found (odds ratio (OR) = 1.42, 95% confidence interval (CI) = 1.00, 2.00, t = 1.98, df = 1197, p < 0.05). For incident depression, we found that extensive WMHI at seventh examination was associated with the development of CES-D ≥21, but not with CES-D ≥16, at eighth examination after adjusting for age, sex, time to MRI, education, living alone without (OR = 2.91, 95% CI = 1.39, 6.09, X 2 = 5.17, df = 1, p < 0.01) and with (OR = 2.95, 95% CI = 1.38, 6.29, X 2 = 7.80, df = 1, p < 0.01) adding the baseline CES-D in the model ( Table 2 ), indicating that greater WMHI at baseline was related to the development of severe depression. Interestingly, after excluding the participants who had vascular risk including stage I hypertension, diabetes, CVD, and atrial fibrillation, the association between extensive WMHI and the development of severe depressive symptoms was strengthened (OR = 1.91, 95% CI = 1.39, 6.09, X 2 = 7.99, df = 1, p < 0.01) and remained so after adding the baseline CES-D scores into the model (OR = 3.70, 95% CI = 1.65, 8.28, X 2 = 10.09, df = 1, p < 0.01). Unlike the relationship between WMHI and depression, all brain volumes were not associated with the development of depressive symptoms, for example, CES-D scores or CES-D cutoffs, used as an outcome (data not shown).
Then, when we used either the CES-D cutoff scores or being put on antidepressants as an outcome, the relationships between WMHI volume and the development of depression were no longer significant (Table 3) . However, total cerebral brain volume at seventh examination was negatively associated with CES-D ≥16 or antidepressant use (OR = 0.78, 95% CI = 0.65, 0.92, X 2 = 8.24, df = 1, p < 0.01) and with CES-D ≥21 or antidepressant use (OR = 0.77, 95% CI = 0.63, 0.93, X 2 = 7.17, df = 1, p < 0.01). Similar data were found when adding the baseline CES-D scores in the models, indicating that larger total brain volume was protective for the development of depression defined by either depressive symptoms or being put on antidepressants. Additionally, temporal lobe brain volume at baseline was negatively associated with CES-D ≥21 or antidepressant use without (OR = 0.83, 95% CI = 0.69, 0.98, X 2 = 4.61, df = 1, p < 0.05) and with (OR = 0.82, 95% CI = 0.69, 0.98, X 2 = 4.85, df = 1, p < 0.05) adding the baseline CES-D scores in the model.
Discussion
Late life depression has different subtypes; however, the longitudinal relationships between different brain pathologies and the depression subtypes are not clear. Results from this FHS study sample were consistent with vascular depression as evidenced by the longitudinal relationship of brain WMHI to the development of depression when defined by CES-D cutoff scores (Table 2) . When defined by CES-D cutoff scores or taking antidepressants was the depression outcome (Table 3) , we found that the relationship of total brain and temporal lobe was in a negative direction to the development of depression, suggesting that larger brain volumes are protective for late life depression.
While a cross-sectional association between brain WMHI and late life depression was reported by several studies (Hoptman et al., 2006; Mettenburg et al., 2012; Sheline et al., 2008; Takahashi et al., 2008) , it was unclear whether brain WMHI was a cause or a result of late life depression. Our study provides evidence of an association between brain WMHI and the incident development of depressive symptoms over a 6-year period (Table 2 ). This finding is likely to be clinically meaningful because (i) the longitudinal study design that excluded all participants with prevalent depression at baseline and (ii) for those with baseline WMHI, the risk of developing late life depression was an almost fourfold increase, even in the absence of CVD ( Table 2 ). The concept of vascular depression was proposed by Alexopoulos et al. based on vascular scores including CVD derived from the Cumulative Illness Rating Scale-Geriatrics (Miller et al., 1992) , and vascular depression is common in the elderly (Alexopoulos et al., 1997; Alexopoulos et al., 1993; Lebowitz et al., 1997; Ritchie et al., 2000) . WMHI volume is a biomarker for cerebrovascular pathology because WMHI is negatively associated with regional cerebral blood flow (Oda et al., 2003) and is positively associated with subgenual cingulate activity on the affect-reactivity task; it is suggested that white matter ischemia disrupts brain mechanisms of affective regulation (Aizenstein et al., 2011) . Because most participants with CVD When factoring in antidepressant use in addition to depressive symptoms as an outcome for depression, the relationship between extensive WMHI and depression was no longer significant (Table 3) . Antidepressant use could equate to current depression, even if CES-D score was low because of treatment. It is possible that brain WMHI is related to antidepressant resistant depression so that only depressive symptoms, but not depression remission induced by antidepressant treatment, were associated with brain WMHI. A previous 2-year longitudinal study found that after antidepressive treatment, those whose symptoms did not remit had increased WMHI volume, while those whose depressive symptoms were in remission did not evidence change in WMHI (Taylor et al., 2003) . It has been shown that white matter integrity is inversely associated with remission of late life depression when being treated with antidepressants (Iosifescu et al., 2006; Sheline et al., 2010) . A clinical trial showed that microstructural white matter abnormalities lateral to the anterior cingulate are associated with a low rate of remission of geriatric depression to the treatment of citalopram for 12 weeks (Alexopoulos et al., 2002) .
Our cross-sectional sample likely included both early-onset and late-onset depressed participants. In contrast to the longitudinal analysis, cross-sectional analysis, which contained both early-onset and lateonset depressed participants, did not show increased brain WMHI in the depressed subgroups (Table 1) . Consistently, another study has shown that patients with early-onset depression do not have WMHI abnormality in the brain (Komaki et al., 2008) .
Larger total brain and temporal lobe volume appeared protective from developing late life depression including antidepressant usage as an outcome (Table 3) . It is possible that larger brain volumes are protective only for antidepressant responsive subtypes of depression, but not likely for antidepressant resistant subtypes like vascular depression defined by brain MRI. Another possibility is that recurrent depression due to not being treated or being resistant to the treatment would lead to brain atrophy, which could explain why brain volumes were related to CES-D cutoff or taking antidepressant defined depression. One earlier study found a crosssectional association between late life depression and total brain volume (Lin et al., 2005) , although another did not (Sheline et al., 2008) . Recurrent late life depression is associated with hippocampal atrophy (Sheline et al., 1999; Steffens et al., 2000) . These brain regions are also positively associated with impairment of cognitive function and AD, and recurrent depression in the elderly can lead to the damage of these brain area and cognitive decline, especially memory loss (Basso and Bornstein, 1999; MacQueen et al., 2002; Rapp et al., 2005) . In addition, for each depressive symptom assessed by the CES-D, risk of developing AD increased by an average of 19% (Dal Forno et al., 2005; Wilson et al., 2002) . Thus, recurrent depression without antidepressant treatment or resistant to the treatment may lead to decreased brain volumes, especially those related to cognitive decline and dementia.
The limitation of this study include (i) depression was based on the CES-D score rather than the Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition criteria or the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders; (ii) we had no information about the onset and the course of depression; and (iii) CES-D data had been collected every 6-7 years instead of annually so that recurrent depression was not captured fully. A large number of participants did not have CES-D test, so these were not included in the study analyses, although there were no significant differences between the groups with and without the CES-D data. This was a Caucasian sample with relatively low overall cardiovascular risk; higher risk samples as well as ethnic groups with high cardiovascular risk may be needed to study vascular depression defined by brain MRI. The study did not have data on other neurological conditions except stroke and dementia or whether antidepressants were being used for other clinical treatments such as insomnia. Nevertheless, our findings suggest WMHI is a risk factor for the development of brain MRI-defined vascular depression. The clinical meaning of this finding will also depend on the development of a drug-targeting reduction of WMHI in the brain as a strategy for treating and preventing late life depression. The combination of antidepressants and cardiovascular medications may be beneficial for MRI-defined vascular depression.
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